Filamentous fungi are native secretors of lignocellulolytic enzymes and are used as protein-producing factories in the industrial biotechnology sector. Despite the importance of these organisms in industry, relatively little is known about the filamentous fungal secretory pathway or how it might be manipulated for improved protein production. Here, we use Neurospora crassa as a model filamentous fungus to interrogate the requirements for trafficking of cellulase enzymes from the endoplasmic reticulum to the Golgi. We characterized the localization and interaction properties of the p24 and ERV-29 cargo adaptors, as well as their role in cellulase enzyme trafficking. We find that the two most abundantly secreted cellulases, CBH-1 and CBH-2, depend on distinct ER cargo adaptors for efficient exit from the ER. CBH-1 depends on the p24 proteins, whereas CBH-2 depends on the N. crassa homolog of yeast Erv29p. This study provides a first step in characterizing distinct trafficking pathways of lignocellulolytic enzymes in filamentous fungi.
Introduction
Filamentous fungi have evolved to secrete large amounts of lignocellulolytic enzymes that are required for efficient deconstruction of recalcitrant polymers in plant biomass, such as cellulose, hemicellulose, pectin and lignin . The natural ability of these organisms to secrete enzymes has been harnessed for high-levels of protein production in the biotechnology, food and textile industries (Ostergaard and Olsen, 2011) . Although the filamentous fungal secretory pathway plays major roles in these industries, little is known about the workings of this pathway or how it might be manipulated to improve industrial processes. As the majority of the genes and organelles associated with protein trafficking in Saccharomyces cerevisiae and other eukaryotic species are conserved in filamentous fungi, it has been assumed that the basic functions of these components have been retained (Borkovich et al., 2004; Kuratsu et al., 2007; Bowman et al., 2009) . However, filamentous fungi display unique morphological and lifestyle characteristics that indicate that aspects of their secretory pathways are also unique and yet to be understood. This includes their highly polar growth mode, high rate of growth and ability to secrete large titers of proteins. Additionally, these fungi contain at least one specialized secretory organelle, the Spitzenk€ orper, which is absent in yeast and metazoan cells (Gierz and Bartnicki-Garcia, 2001; Riquelme, 2013) . Furthermore, the size, shape and localization of organelles associated with the secretory pathway change from the peripheral to interior hyphal matrix of a growing mycelial colony (Bowman et al., 2009 ). These observations cumulatively point to complex modes of morphology and protein secretion that remain to be characterized in filamentous fungi.
There are multiple steps to protein trafficking in eukaryotic species. The first step involves translocation of proteins across the membrane of the endoplasmic reticulum (ER) into the ER lumen, where they undergo folding, glycosylation and quality control monitoring before being packaged into transport vesicles for delivery to Golgi compartments (Rothblatt et al., 1989; Jonikas et al., 2009) . Once in the Golgi, glycoproteins are further modified by the addition and removal of specific sugar resides, which is followed by protein packaging into Golgi-derived transport vesicles for delivery to downstream compartments, including the endosomal/vacuolar system or the Spitzenk€ orper, a vesicle supply center just below the growing hyphal tip (Ohneda et al., 2005; Lehle et al., 2006) . Alternatively, the Spitzenk€ orper may be bypassed and proteins may be delivered directly to the plasma membrane (PM) (Fajardo-Somera et al., 2013) . Finally, secreted proteins must traverse the final barrier to the external environment, which is the fungal cell wall (Free, 2013) .
All of the steps aforementioned constitute potential bottlenecks for attaining high levels of protein secretion. However, the ER-exit step is obviously critical, as it constitutes the first, and perhaps most complex of these bottlenecks, including translocation, folding, glycosylation, quality control and vesicle packaging steps (Hegde and Ploegh, 2010; Jensen and Schekman, 2011; Braakman and Hebert, 2013) . The process of how proteins are selectively incorporated into transport vesicles, to the exclusion of ER-resident proteins, has been shown to involve the concerted function of coat protein complexes, sorting signals, ER cargo adaptors and other accessory factors (Barlowe and Miller, 2013) . The COPII protein coat binds to ER membranes where it helps deform the membrane into a vesicle bud. Simultaneously, the COPII coat also binds to short amino acid sorting signals that are present in the cytosolic portions of specific transmembrane proteins to ensure that those proteins are incorporated into the budding vesicle, which will carry them to the Golgi compartments. Soluble proteins such as vacuolar proteases, secreted hormones and secreted enzymes that are unable to directly bind to the COPII coat may enter into transport vesicles by either one of two means: (i) bulk flow, in which the proteins are nonselectively engulfed by the forming vesicle, or (ii) active incorporation with the assistance of a class of transmembrane proteins termed ER cargo adaptors (Dancourt and Barlowe, 2010; Barlowe and Helenius, 2016) .
Numerous ER cargo adaptors have been characterized in S. cerevisiae and metazoan cells. These proteins serve as a bridge to link the action of the cytosolically localized COPII coat proteins to ER lumenal proteins, or with transmembrane proteins that lack COPII sorting signals or that need additional assistance with vesicle packaging (Muniz et al., 2000; Belden and Barlowe, 2001b; Pagant et al., 2015) . The COPII proteins bind to sorting signals present on the cytosolic portion of the ER cargo adaptors, while the lumenal portion of the adaptors binds to specific cargo proteins, ensuring that those cargoes are included in the budding vesicle (Nakamura et al., 1998; Anantharaman and Aravind, 2002; Otte and Barlowe, 2004) . Once at the Golgi, the cargo proteins are released and travel through the remainder of the secretory pathway, whereas the ER cargo adaptor is packaged into COPI-dependent vesicles for retrieval back to the ER. As a result, ER cargo adaptors engage in a cycle of trafficking between the ER and Golgi to facilitate anterograde transport of specific cargo proteins (Gommel et al., 1999; Strating et al., 2009a) . Different cargo adaptors also transport specific types of proteins. For example, the p24 cargo adaptors are best known for transporting GPI-anchored proteins, although they also transport soluble secreted proteins, including enzymes and hormones (Schimmoller et al., 1995; Takida et al., 2008; Strating et al., 2009b; Zhang and Volchuk, 2010; Fujita et al., 2011) . The Emp46/Emp47 cargo adaptors are implicated in transport of glycoproteins, whereas Erv14 is implicated in transporting multispanning transmembrane proteins (Sato and Nakano, 2002; Herzig et al., 2012; Margulis et al., 2016) . The Erv41/Erv46 cargo adaptors as well as Erd2 and Rer1 proteins are implicated in retrieving escaped ER-resident proteins back to the ER from the Golgi (Semenza et al., 1990; Sato et al., 2001; Shibuya et al., 2015) .
The function of ER cargo adaptors in facilitating the secretion of hydrolytic enzymes from filamentous fungi has been the subject of recent reports. To date, the p24 proteins have been shown to be important for secretion of cellulases in Trichoderma reesei and Penicillium decumbens, whereas the Aspergillus oryzae homolog of VIP36 has been shown to impact trafficking of alphaamylase (Wang et al., 2013; Hoang et al., 2015; Wang et al., 2015) . In this study, we focused on the role of ER cargo adaptors in the trafficking of the major cellulases CBH-1 (NCU07140) and CBH-2 (NCU09680) in Neurospora crassa, which has robust plant biomass degrading capacity Shrestha et al., 2015) . We identified specific roles for distinct ER cargo adaptor proteins in the efficient ER-exit of these cellulases: the p24 class of ER cargo adaptors was required for the efficient ER-exit of CBH-1, whereas a homolog of yeast Erv29p was required for the efficient ER-exit of CBH-2. A dissection of the filamentous fungal secretory pathway will facilitate the understanding of how this pathway is adapted to the secretion of lignocellulolytic proteins and will enable manipulation of this pathway for enhanced protein production.
Results

p24 mutants exhibit defective cellulase secretion
We hypothesized that efficient cellulase secretion may be aided by incorporation of cellulases into transport vesicles at the ER with the help of ER cargo adaptors. To test this hypothesis, we searched the N. crassa genome for homologs of known ER cargo adaptors from yeast and metazoan cells by BLASTp. We also searched for proteins that were annotated to contain predicted lectin domains, as some ER cargo adaptors are known to be specific for glycoproteins (Sato and Nakano, 2002) . We identified 19 candidate proteins that matched these criteria (Supporting Information Table S1 ). These included homologs to the known yeast ER cargo adaptors Erv14p/Erv15p, Erv26p, Erv29p, Emp46p/Emp47p, Shr3p and the p24 proteins, as well as mammalian VIP36, which has not been characterized in S. cerevisiae, but shown to be required for amylase trafficking in mammalian cells and is suggested to play a similar role in A. oryzae (Hara-Kuge et al., 2004; Hoang et al., 2015) . We also identified a homolog of Rer1p and two homologs of Erd2p, which deliver escaped ER-resident proteins from the Golgi back to the ER (Semenza et al., 1990; Sato et al., 2001) . Additionally, we found two homologs of the chitin synthase ER export factor Chs7p as well as three uncharacterized lectin domain-containing proteins that are unique to filamentous fungi (Supporting Information  Table S1 ). Homokaryotic deletion strains for fourteen of these proteins were available in the N. crassa deletion collection. Ultimately, we tested mutants for 10 of these proteins for alterations in cellulase secretion by assessing culture supernatant total protein levels and cellulase activity (see Materials and Methods) . From this initial screen, we observed a difference in total secreted protein and/or cellulase activity for nine of these deletion strains (Supporting Information Fig. S1 ), with the most obvious phenotype for strains carrying deletions of the p24 class of ER cargo adaptors proteins. We, therefore, chose to focus on characterizing the localization and interaction properties of the p24 proteins, as well as their impact on cellulase trafficking.
The p24 proteins are Type I transmembrane proteins that fall into four different phylogenetic groups (Strating et al., 2009c) . N. crassa has a single representative of each group: NCU01342, NCU08339, NCU04003 and NCU03800, which are homologous to yeast proteins Erv25p, Emp24p, Erp1p and Erp3p respectively. Based on their homology and characteristics (described below), we named these genes according to their S. cerevisiae homologs: NCU01342 as erv-25, NCU08339 as emp-24, NCU04003 as erp-1 and NCU03800 as erp-3.
In our pilot experiment, in contrast to the other p24 mutants (Derv-25, Derp-1 and Demp-24), both the mat a and mat A versions of the Derp-3 mutant (FGSC 11690 and FGSC 11691) exhibited increased protein secretion and cellulase activity (Supporting Information Fig. S1 ), as well as an obvious growth phenotype on minimal media slant tubes that was characterized by reduced aerial hyphae and asexual spore production (conidiation) (Supporting Information Fig. S2A ). However, the poor growth and enhanced secretion phenotype failed to segregate with the hygromycin-marker in the Derp-3 deletion strain. Progeny were identified from a backcross that were hygromycin-resistant and verified to carry the Derp-3 deletion, but which lacked the poor growth phenotype of the original deletion strain. When the new Derp-3 strain was tested in secretion assays, it showed a similar reduction in total protein secretion and cellulase activity as the other p24 mutants (Fig. 1A) . These results suggested that the poor growth and increased secretion phenotype of the original Derp-3 mutant was due to an unlinked mutation, the identity of which was not determined.
The Demp-24 mutant (FGSC 18365) also exhibited a poor growth phenotype and reduced conidial production. However, unlike the Derp-3 mutation, these phenotypes segregated with the hygromycin-marker, indicating linkage to the Demp-24 mutation. Borders of each p24 gene deletion were determined based on publically available primer sequences used for deletion cassette construction (www.fgsc.net/ncrassa.html). Analysis of the Demp-24 cassette revealed that 1,078 bp of DNA upstream of the NCU08339 ORF was deleted in addition to the emp-24 ORF itself. NCU08340 lies 1621 bp upstream of emp-24 and is transcribed in the opposite direction, therefore, emp-24 and NCU08340 likely share promoter elements. We considered that deletion of this shared regulatory region might impact the expression of NCU08340, which encodes a protein that is homologous to yeast Arf1p, a small GTPase that is a major regulator of secretory trafficking in eukaryotic cells (Donaldson et al., 1992; Gillingham and Munro, 2007) . An N. crassa strain harboring a deletion of NCU08340 (FGSC 11512) is only available as a heterokaryon, suggesting that NCU08340 encodes an essential gene in N. crassa (FGSC strain database; www.fgsc.net). We, therefore, constructed a new Demp-24 strain in which only the emp-24 ORF was removed and replaced with a hygromycin-resistance cassette (see Materials and Methods; Supporting Information Fig. S3 ). The new Demp-24 mutant (TSF460) no longer exhibited the impaired growth phenotype of the original mutant, but rather exhibited a WT-like morphological phenotype (Supporting Information Fig. S2B ). Importantly, the new Demp-24 mutant still showed cellulase secretion defects that were similar to the other p24 mutants (Fig. 1B) . Therefore, strains carrying individual mutations of each of the four members of the p24 class of ER cargo adaptors showed a similar phenotype of reduced protein secretion and cellulase activity.
Characterization of the p24 cellulase secretion defect
To determine how the secretion of cellulases was impacted by the cargo adaptor mutations, we carried out Western blot analysis against two major exocellulases CBH-1 and CBH-2 and a major endocellulase GH5-1 (Phillips et al., 2011) . Consistent with the total protein and cellulase activity data, reduced amounts of CBH-1, CBH-2 and GH5-1 were observed in the secretomes of the p24 mutants (Fig. 1C) . Additionally, we noted that the GH5-1 band migrated at a slightly higher position when secreted from the p24 mutants than that observed for the WT control strain ( Fig. 1 and Supporting Information Fig. S4 ). Using the supernatant of a representative p24 mutant (Derv-25), additional protein bands that also displayed an upward mobility shift were observed by total protein staining (Supporting Information Fig. S4 ). These additional protein bands corresponded to the b-glucosidase GH3-4 (Tian et al., 2009) and two proteins of unknown identity. A mobility shift of this type is typical of hyper-glycosylation (Stals et al., 2004) . To test the hypothesis that GH5-1 was hyper-glycosylated in the p24 mutants, we treated the Derv-25 supernatant sample with PNGaseF, an enzyme that selectively removes N-linked glycans, but leaves Olinked glycans intact. This treatment resulted in increased electrophoretic mobility of GH5-1, although the GH5-1 band still migrated at a higher position in the Derv-25 mutant as compared to WT, suggesting that part of the reduced electrophoretic mobility is due to a modification other than N-linked glycosylation (Supporting Information Fig. S4B ). A. Strains of WT (FGSC 2489), Derv-25 (FGSC 18824), Demp-24 (FGSC 18365), Derp-1 (FGSC 16265) and Derp-3 (TSF97) mutants were cultured in Vogel's minimal media containing 2% Avicel (crystalline cellulose) for seven days. Culture supernatants were assessed for total protein levels and glucose release as a measure of cellulase activity. Three independent experiments were averaged. Error bars represent the standard deviation of the mean. B. Total protein and cellulase activity levels of the newly constructed Demp-24 strain TSF460. For (A) and (B) One-tailed, unpaired, Student's t-tests were used to assess statistical significance of the data relative to WT (*p < .05, **p < .01). C. Culture supernatants from indicated strains were separated via PAGE and detected via Western blot using polyclonal antibodies against CBH-1 (NCU07340), CBH-2 (NCU09680) and GH5-1 (NCU00762). Arrow indicates slowed electrophoretic mobility of GH5-1 in the p24 mutants. A representative gel from three independent experiments is shown. D. Quantification of the immunoblot in (C) reveals that the levels of secreted cellulase proteins are reduced in the p24 mutants. Levels of the mutants are reported relative to WT levels, which were set to a value of 1.
The p24 proteins localize to the ER and Golgi
In S. cerevisiae and higher eukaryotic organisms, the p24 proteins are known to undergo cyclical trafficking between the ER and Golgi and, as a result, show steady state localization to these compartments (Schimmoller et al., 1995; Belden and Barlowe, 1996; Gommel et al., 1999) . To determine if the p24 proteins localize to these compartments in N. crassa, we C-terminally tagged the p24 proteins with either eGFP or mCherry and expressed them under the control of the N. crassa ccg-1 promoter or the M. thermophila gpd-1 promoter respectively. In asexual conidial cells, each of the fluorescently tagged p24 proteins showed localization to the ER membrane, as indicated by an appearance in ring-like structures, corresponding to the ER membrane that is contiguous with the outer membrane of the nucleus ( Fig. 2A) . To confirm ER localization, we tested for coincident localization of fluorescently labeled p24 proteins with the N. crassa ER marker NCA-1, which was either tagged with RFP or eGFP (Bowman et al., 2009) . Colocalization of fluorescently tagged p24 proteins with NCA-1 was observed, confirming the ER localization of the p24 ER cargo adaptor proteins ( Fig. 2A) . ER-like localization of ERV-25-eGFP and ERP-3-mCherry proteins was also seen in hyphal cells (Fig. 2B) , whereas in hyphae, ERP-1-eGFP predominantly localized to tubular structures reminiscent of vacuolar membranes (Fig. 2B) (Bowman et al., 2009) . In S. cerevisiae, vacuolar localization has also been demonstrated for Erp1-GFP (Yeast GFP Fusion Localization Database; http://yeastgfp.yeastgenome.org/). Additionally, in hyphae, EMP-24-eGFP, as well as EMP-24-mCherry, showed a bimodal localization pattern that was dependent on the position within the hyphum. Near the hyphal tip, EMP-24 showed localization to punctate structures, whereas it localized to the ER in regions distal from the tip (Fig. 2B) . To determine the identity of these puncta, we conducted colocalization experiments between EMP-24-eGFP or EMP-24-mCherry and fluorescently tagged markers for endosomes (RFP-TLG-11 and RFP-RAB-44) , as well as early Golgi (USO-1-eGFP) and late Golgi (RFP-SEC-7) compartments. Colocalization with the endosomal and late Golgi markers was not observed. However, colocalization between EMP-24-mCherry and USO-1-eGFP was observed, suggesting that the punctate structures to which EMP-24-mCherry localized are early Golgi compartments (Fig. 2C) .
The p24 proteins are codependent for stability and physically interact with each other
In yeast and higher eukaryotic organisms, the p24 proteins are codependent for stability: when one of the proteins is deleted, the levels of the remaining p24 proteins decrease (Marzioch et al., 1999; Takida et al., 2008) . To determine if this was also the case in N. crassa, polyclonal antibodies generated against unique synthetic peptide fragments of each of the four N. crassa p24 proteins (see Methods and Materials) were used to assess protein levels in individual p24 A. Heterokaryotic conidia formed by mixing strains TSF266 (EMP-24-eGFP), TSF267 (ERV-25-eGFP), TSF462 (ERP-1-eGFP) or TSF304 (ERP-3-mCherry) with either RFP-NCA-1 or NCA-1-GFP strains were visualized by spinning disc confocal microscopy. Both NCA-1 and the ER cargo adaptor proteins localized to ER membrane (arrows). B. Tip and distal regions of hyphae in strains expressing GFP or mCherry-tagged versions of the ER cargo adaptor proteins. Arrows show ER localization in EMP-24-eGFP, ERV-25-eGFP and ERP-3-mCherry strains. In the case of ERP-1-eGFP arrows show putative tubular vacuolar localization. Arrowheads show Golgi localization of EMP-24 in tip and distal regions of the hyphum. C. Colocalization of EMP-24-mCherry and USO-1-eGFP (early Golgi) in tip-proximal regions (arrows). The GFP image was colored green, the mCherry image was colored magenta, colocalization is shown as white in the merged image.
Fungal cellulase ER cargo adaptors 233 deletion mutants via Western blotting of cellular lysates. Our results revealed that all of the p24 proteins were codependent on each other to some degree, with some proteins being more codependent than others. For example, ERV-25 was undetectable in cell lysates of the Derp-1 mutant. EMP-24 protein levels were most reduced in the Derv-25 and Derp-1 mutants, whereas ERP-3 protein levels were most reduced in Derp-1 mutant cell lysates. Protein levels of ERP-1 appeared to be equally reduced in cell lysates from all of the p24 mutants ( Fig. 3A and Supporting Information Fig. S5 ).
The p24 proteins physically interact with each other in cells of yeast, metazoans and plants and have been suggested to do so in the filamentous fungus Penicillium decumbens based on a split-YFP assay (Marzioch et al., 1999; Jenne et al., 2002; Montesinos et al., 2012; Wang et al., 2015) . We, therefore, tested for physical interaction of the p24 proteins in N. crassa by conducting coimmunoprecipitation experiments using our p24 antibodies. As shown in Fig. 3B , antibodies against ERV-25, EMP-24 and ERP-3 immunoprecipitated their cognate protein targets, whereas the ERP-1 antibody did not. Probing, stripping and subsequent re-probing with each of the p24 antibodies revealed that the ERV-25 antibody coprecipitated the EMP-24 protein. The EMP-24 antibody did not coprecipitate ERV-25, but did coprecipitate ERP-3. The ERP-3 antibody coprecipitated EMP-24 and ERP-1, but not ERV-25 (Fig. 3B) . Because the ERP-1 antibody was not capable of immunoprecipitating the ERP-1 protein, we used a GFP antibody with a strain expressing ERP-1-eGFP. When a cell lysate from the erp-1-egfp strain was subjected to immunoprecipitation with anti-GFP antibodies and subsequently probed with the anti-p24 antibodies, ERP-3 was found to be coimmunoprecipitated (Fig. 3C) .
To test the hypothesis that the p24 proteins physically interact with their potential cargo cellulases, we also probed the p24 immunoprecipitated fractions (see above) for CBH-1 and CBH-2. However, under these conditions, we were unable to detect physical interactions between any of the p24 proteins and potential cargo cellulase proteins (not shown).
Fluorescence tagging of cellulases to characterize their trafficking defects in the p24 mutants
The reduction in CBH-1 and CBH-2 protein levels in the secretomes of the p24 mutants suggested that the p24 cargo adaptor proteins were important for trafficking of cellulases through the secretory pathway. We, therefore, assessed cellular localization of GFP-tagged CBH-1 and CBH-2 in WT versus p24 mutant cells. When a WT strain expressing CBH-1-eGFP (enhanced GFP) was grown on plates containing carboxymethyl cellulose (CMC), which induces cellulase gene expression and cellulase secretion, fluorescent labeling of the cell surface and septa in regions distal from the hyphal tip (>600 mm) was observed (Fig. 4A ). The frequency of this localization was variable within the colony and occurred in 20-50% of hyphae observed. CBH-1-eGFP was not observed in the major compartments of the secretory pathway including the ER or in the Spitzenk€ orper. In our subsequent tagging experiments with CBH-2 we adopted the use of a codon-optimized version of superfolder GFP (sfGFP), a variant that has been shown to fold more rapidly than eGFP, making it less prone to aggregation within secretory pathway compartments and a better reporter of early events in the secretory pathway (Pedelacq et al., 2006; Aronson ) and Derp-3 (TSF97) using polyclonal antibodies against each of the p24 proteins. Anti-actin was used as a loading control. B. Western blot of p24 coimmunoprecipitation experiments. Strain TSF502 (pTEF::CLR-2) was either treated or not with the crosslinking agent DSP and subjected to immunoprecipitation with antibodies against each of the p24 proteins. In the negative control, cell lysates were incubated with protein-G-coated beads only ('beads'). C. Cell lysates from cultures of either FGSC 2489 (WT, 'untagged') or TSF462 (erp-1-egfp) were treated with DSP and subjected to immunoprecipitation by anti-GFP antibody ('GFP-IP'). For all experiments the p24 proteins were detected by successive rounds of probing, stripping and re-probing with the p24 antibodies. For (C), note that the ERP-1 antibody reveals both the heterologous ERP-1-eGFP and native ERP-1, as indicated.
et al., 2011). In WT cells, CBH-2-sfGFP was also localized to the cell surface and to septa (20-50%), but was absent from the ER and Spitzenk€ orper, although it could be found in small puncta, which might correspond to secretory vesicles (Fig. 4A) .
To further investigate the trafficking pathways of CBH-1 and CBH-2, we treated the fluorescently tagged strains with Brefeldin A (BFA), which inhibits trafficking between the ER and Golgi and leads to entrapment of secreted proteins in the ER (Nebenfuhr et al., 2002; Masai et al., 2004) . In WT cells, approximately 25-40 min after treatment with BFA, both CBH-1-eGFP and CBH-2-sfGFP localized to ER-like structures throughout the length of the hyphum, which was confirmed by colocalization with the ER marker RFP-NCA-1 (Fig. 4B ). These results demonstrate that the major cellulases in N. crassa, CBH-1 and CBH-2, traffic through a classical ER to Golgi pathway.
CBH-1 depends on the p24 proteins for efficient ER-exit
The role of ER cargo adaptors is to ensure efficient trafficking of specific subsets of proteins from the ER to the Golgi (Dancourt and Barlowe, 2010) . Since the p24 mutants showed secretion defects for both CBH-1 and CBH-2 (Fig. 1) , we predicted that both of these proteins would exhibit ER-exit defects in the p24 mutants. To test this hypothesis, we constructed strains expressing CBH-1-eGFP and CBH-2-sfGFP in p24 mutant backgrounds (Demp-24, Derv-25, Derp-1 and Derp-3 strains). In all four of the p24 mutant strains, CBH-1-eGFP and CBH-2-sfGFP fluorescent signal could still be seen at the septa and cell surface, indicating that the tagged proteins were still able to traffic through the secretory pathway. However, CBH-1-eGFP also showed prominent ER-like localization in the p24 deletion strains, indicating inefficient ER-exit (Fig. 4C) . We noted that this localization only occurred in regions that were distal from the tip (>600 mm). In contrast, CBH-2-sfGFP was not observed in the ER of the p24 mutants, suggesting that CBH-2 does not depend on the p24 proteins for efficient ERexit (Fig. 4C) .
N. crassa ERV-29 acts as an ER cargo adaptor
Analysis of previously published gene expression data revealed that a gene encoding a homolog of the yeast Erv29p cargo adaptor (NCU03319) was induced twofold when N. crassa was grown on cellulose , suggesting that NCU03319 (erv-29) may play a role in cellulase secretion. A NCU03319 deletion mutant was not available, so one was created by replacing the entire NCU03319 ORF with the hygromycin resistance gene (see Materials and Methods). While hyphal growth of the Derv-29 homokaryotic deletion strain was normal, an obvious reduction in conidial production was observed (Supporting Information Fig. S2C ).
In S. cerevisiae, Erv29p acts as a cargo adaptor for the efficient ER-exit of carboxypeptidase Y (CPY), which is ultimately delivered to the vacuole (Belden and Barlowe, 2001b ). To determine if N. crassa ERV-29 has a conserved function, we assessed its requirement for trafficking of the CPY homolog, NCU00477. Strains harboring cpy-eGFP (NCU00477-GFP) were constructed in both WT and Derv-29 genetic backgrounds (see Materials and Methods). In WT cells, CPY-eGFP localized to puncta near the hyphal tip. In regions distal from the tip (>250 mm), CPY-eGFP was observed in the interior of numerous small round vacuole-like structures, as well as tubular structures similar to tubular vacuoles previously described in N. crassa (Bowman et al., 2009; Bowman et al., 2015) . Further into the colony (>450 mm), the CPY-eGFP signal was observed in large round vacuoles (Supporting Information Fig. S6 ). This pattern was consistent with the expected localization of CPY to vacuolar structures, as previously characterized in N. crassa . In the Derv-29 mutant, CPY-eGFP was seen in vacuolar structures, but also showed an ER-like localization to ring structures in regions distal from the tip (>400 mm). This observation suggested that ERV-29 function is required for the efficient ER-exit of CPY-eGFP in older parts of the colony. In contrast, CPY-eGFP localization was similar to WT cells in the Derv-25 mutant, suggesting that the p24 proteins are not required for CPY trafficking in N. crassa (Fig. 5A) .
As with the p24 proteins, Erv29p localizes to the ER in S. cerevisiae (Yeast GFP Fusion Localization Database; http://yeastgfp.yeastgenome.org/). To determine the cellular localization of ERV-29 in N. crassa, a C-terminal eGFP-tagged erv-29 construct was introduced into WT cells. As predicted, ERV29-eGFP localized to ER-like structures in both conidial and hyphal cells, as confirmed by colocalization with RFP-NCA-1 (Fig. 5B and C) .
ERV-29 is required for efficient ER-exit of CBH-2
To determine if the Derv-29 deletion mutant was defective for cellulase secretion, the Derv-29 and WT strains were grown in medium containing cellulose and the secretomes were compared by Western blot analysis.
As with the p24 mutants, the Derv-29 mutant showed reduced CBH-1 and CBH-2 levels (Fig. 6A) . To determine if CBH-1 and/or CBH-2 have an ER-exit defect in the Derv-29 mutant, we constructed strains expressing CBH-1-eGFP or CBH-2-sfGFP in the Derv-29 mutant background. In contrast to the ER localization of CBH-1-eGFP observed in the p24 mutants, CBH-1-eGFP showed no ER localization in the Derv-29 mutant, suggesting that this protein does not depend on ERV-29 for efficient ER exit. In contrast, CBH-2-sfGFP clearly localized to ER-like structures, indicating inefficient ER-exit. Additionally, CBH-2-sfGFP was localized to the Spitzenk€ orper in the Derv-29 mutant, which was never observed in WT or Dp24 cells. These results suggest that CBH-1 is specifically dependent on the p24 proteins for efficient ER-exit, whereas CBH-2 is specifically dependent on ERV-29.
The p24 proteins and ERV-29 are required for efficient ER-exit kinetics of CBH-1 and CBH-2 respectively Analyses of the cellular localization of fluorescently tagged CBH-1 and CBH-2 in Dp24 and Derv-29 mutants suggested that CBH-1 and CBH-2 rely on distinct ER cargo adaptors for efficient ER-exit during secretion. To further test this hypothesis, we measured the kinetics of ER-exit of CBH-1 and CBH-2 via radioactive pulse-chase analysis, using immunoprecipitation with anti-CBH-1 and CBH-2 antibodies, to measure the rate of glycoprotein modification as the proteins pass from the ER to the Golgi. Protein glycosylation begins with the addition of preassembled glycan chains to nascent proteins in the ER and proceeds with subsequent elaboration of these chains into larger, more complex structures after proteins exit the ER and are delivered to the Golgi (Lehle et al., 2006) . The result of this sequential addition is that mature proteins in the Golgi exhibit a greater apparent molecular mass (lower electrophoretic mobility) than immature proteins residing in the ER. By comparing the ratio of mature Golgi-localized proteins to immature ER-localized proteins over time, the kinetics of protein transport can be assessed. For these experiments, N. crassa cultures were pulse-labeled with radioactive amino acids for 10 min and then followed with a nonradioactive chase. Samples were collected at 0, 15, 30 and 45 min time points. Figure 7 shows the results of a representative pulsechase experiment with WT as well as Derv-25 (a representative p24 mutant) and Derv-29 mutant strains. CBH-1 and CBH-2 exhibited distinct ER-exit kinetics in WT cells, with the immature ER form of CBH-1 displaying a maturation half-time of 33 min (Fig. 7) . In contrast, the immature ER form of CBH-2 was converted to the mature Golgi form by the 15 min time point, displaying a calculated half-time of maturation of 7 min. These distinct transport kinetics provided support for distinct trafficking pathways for CBH-1 and CBH-2. Consistent with this hypothesis, the kinetics of CBH-1 transport in the Derv-25 mutant were slowed to such a degree that more than half of the CBH-1 protein was still in the immature form by the final time point of the experiment, thus, making it impossible to calculate a half-time of transport. In contrast, CBH-2 transport kinetics in the Derv-25 cells were similar to those measured from WT cells, with CBH-2 exhibiting maturation half time of 2 min. These observations supported the microscopy results that showed that CBH-1-eGFP was trapped in the ER of Derv-25 cells, but that CBH-2-sfGFP was not. For the Derv-29 cells, the CBH-1 transport kinetics were similar to that of WT cells, with a maturation half-time of 36 min. In contrast, CBH-2 was clearly delayed in ERexit, with less than half of the protein in the mature Golgi form by the end of the time course. This result also supported the microscopy results that showed that CBH-2-sfGFP was trapped in the ER of the Derv-29 mutant, whereas CBH-1-eGFP was not.
To address the observation that CBH-1 exhibited slower ER-exit kinetics than CBH-2, but that CBH-1-eGFP did not exhibit ER-localization in WT cells (Fig. 4A) , we considered that the use of superfolder GFP might reveal ER-like localization of CBH-1. A strain carrying a natively tagged version of CBH-1-sfGFP was constructed and its localization was observed in a WT background. In this context, we observed ER-like localization of CBH-1-sfGFP as well as localization to the outer ring of the Spitzenk€ orper (Supporting Information  Fig. S7 ). It is likely that the enhanced folding kinetics of sfGFP permitted fluorescence maturation prior to secretion of CBH-1-sfGFP from the cell. Based on the results of our microscopy and pulse-chase experiments, we conclude that CBH-1 and CBH-2 exhibit distinct ER-exit Fungal cellulase ER cargo adaptors 237 kinetics and that they engage in distinct ER-exit trafficking pathways that are mediated by the p24 and ERV-29 proteins respectively.
Cellulase expression is reduced in the Dp24 and Derv-29 mutants Our microscopy and pulse chase results demonstrated that CBH-1 and CBH-2 rely on the p24 proteins and ERV-29, respectively, for efficient ER exit, yet we observed that secretion levels of both of these cellulases are reduced in these mutants (Figs 1 and 6 ). To determine if this was due to decreased cellulase expression we assessed transcript levels of cbh-1 and cbh-2 in WT, Derv-25 and Derv-29 strains via quantitative reverse transcriptase PCR (qRT-PCR). Relative to WT, in both mutants, we observed a decrease in expression of 50% for both cbh-1 and cbh-2 (Supporting Information  Fig. S8 ). This demonstrated that, although the effects of cargo adaptor deletion are specific at the level of protein trafficking, they appear to have a general impact at the level of cellulase transcription resulting in a reduction of cellulases available to be secreted. We also considered that decreased secretion of CBH-1 and CBH-2 may be due to an accumulation of these proteins within the cell, however, we were unable to observe enhanced accumulation as tested by immunoblotting of intracellular lysates. We, therefore, conclude that the primary reason for reduced cellulase production from these mutants is a reduction in cellulase gene expression.
Discussion
Cargo adaptor function in the early secretory pathway
In this study, we show that CBH-1 and CBH-2 depend on ER cargo adaptors for efficient secretion into the culture medium as well as efficient ER-exit, and that the p24 and ERV-29 ER cargo adaptors have unique specificities in facilitating trafficking of cellulase proteins. As expected, the fluorescently tagged p24 and ERV-29 cargo adaptors localized to ER membranes in conidial cells. This cellular localization is consistent with ER localization of GFP-tagged versions of Erv25p and Erp3p in yeast cells, but distinct from the predominantly Golgi localization of p24 proteins in metazoan cells (Barr et al., 2001; Kuiper et al., 2001) . Interestingly, in hyphal cells, EMP-24 showed a differential localization that was dependent on the proximity to the hyphal tip, with the protein localizing to the early Golgi close to the tip and at the ER at regions that were distal from the tip. In S. cerevisiae, EMP-24 localizes to the early Golgi (Castillon et al., 2011) . The conserved localization of EMP-24 to Golgi compartments is suggestive of a Golgispecific function for this particular cargo adaptor in fungi that may extend beyond a simple itinerary of retrieval from the Golgi for subsequent function in the ER. It has been shown that the p24 proteins are not only passively transported from the Golgi to the ER in COPI vesicles, but that they also are required for efficient formation of these vesicles (Bremser et al., 1999; Reinhard et al., 2003; Aguilera-Romero et al., 2008) . Perhaps Golgi localization of EMP-24 near the tip is indicative of a role for EMP-24 in forming COPI retrieval vesicles. Alternatively, it is possible that steady-state Golgi localization indicates a role for EMP-24 in transporting proteins in an anterograde fashion past the early Golgi. Although obvious colocalization between EMP-24 and the late Golgi or endosome markers was not observed in our experiments, a role for EMP-24 in these later compartments of the secretory pathway cannot be ruled out, particularly in light of the fact that in mammalian cells, the p24 proteins have been found in secretory granules (Hosaka et al., 2007) . It was shown that under conditions of high protein production, the p24 proteins redistributed from the Golgi to the ER in Xenopus laevis intermediate pituitary melanotrope cells (Kuiper et al., 2001) , suggesting that localization of the p24 proteins can change to accommodate secretory pathway needs. It is possible that secretory pathway proteins like the ER cargo adaptors may be required to function in different ways depending on their location in the cell or the prevailing secretory needs. In filamentous fungi it has been shown that overall differences in developmental and transcriptional events between tip-proximal and tip-distal parts of mycelial colonies occur (Levin et al., 2007; Kasuga and Glass, 2008) . These observations suggest that the polarized and compartmentalized nature of fungal hyphae results in zones with distinct physiological requirements, one of which may be alterations in secretory pathway function. Evidence for this hypothesis was provided in a study of PM t-SNAREs in T. reesei: an SNC1-SSO2 sub-complex was exclusively localized to the apical PM, whereas an SNC1-SSO1 subcomplex was exclusively found at the subapical PM (Valkonen et al., 2007) . Thus, differential localization of EMP-24 in Golgi compartments may reflect the differing secretory needs of the tip versus distal parts of the hyphum. This observation is consistent with our data showing that CBH-1-eGFP and CPY-eGFP accumulated in ER-membranes only in regions distal from the tip in the Dp24 and Derv-29 mutants respectively. Localization of EMP-24 at the early Golgi may also be dependent on the composition of the COPII coat (see below).
Although we observed ERP-1-eGFP in ER membranes of conidial cells, in hyphal cells ERP-1 was found in structures that are characteristic of tubular vacuoles in N. crassa (Bowman et al., 2009) . Interestingly, the Erp1p homolog in S. cerevisiae also localized to the vacuolar membrane (http://yeastgfp.yeastgenome.org). Therefore, as with EMP-24 localization, it appears that the localization of ERP-1-eGFP is conserved between yeast and N. crassa. It is difficult to imagine what role ERP-1 might play at the vacuolar membrane. In the context of cellulase trafficking, the main role of ERP-1 appears to be at the ER, as CBH-1-eGFP accumulated in the ER of the Derp-1 mutant (Fig. 4C) , as was the case in the other Dp24 mutants. ERP-1 also physically interacted with ERP-3 (Fig. 3B) , which localized to the ER in both conidial and hyphal cells. It remains unclear whether the vacuolar localization represents another, as yet uncharacterized, function of ERP-1 in fungal cells.
Conserved functions of the ER cargo adaptors
As part of our characterization of ERV-29 and the p24 proteins, we tested for conserved function with their S. cerevisiae counterparts. We found that ERV-29 is required for efficient exit of CPY from the ER, consistent with the role of Erv29p in S. cerevisiae (Belden and Barlowe, 2001b) . We also attempted to confirm conserved function of the p24 proteins in trafficking GPI-anchored proteins, the most well-characterized function of these cargo adaptors in both S. cerevisiae and metazoan cells (Castillon et al., 2011; Fujita et al., 2011) , by examining the localization of a GFP-tagged version of the GPIanchored protein BGT-2 (NCU09175) (Martinez-Nunez and in the Derv-25 mutant. However, we observed only WT-like cell surface localization of the BGT-2-GFP with no ER accumulation and, therefore, we could not conclude that ERV-25 is required for the ER exit of BGT-2 (not shown). It is possible, however, that other GPI-anchored proteins may require ERV-25 for trafficking, or there is redundant function for trafficking GPI-anchored proteins with other members of the p24 family or another class of ER cargo adaptor in N. crassa.
Distinct ER-export routes for CBH-1 and CBH-2
Why CBH-1 and CBH-2, both of which are of the same protein class (cellobiohydrolases) and are targeted to the same final destination, rely on distinct ER-exit pathways is unclear. One clue may come from analyzing the architecture of these two proteins. For CBH-1, the carbohydrate-binding module (CBM) is located at the Cterminus, whereas the CBM of CBH-2 is located at the N-terminus. Differential domain organization may impact how cellulases interact with secretory components, such as chaperones and adaptors, and thus, may specify the trafficking pathways with which they engage. Further experiments to define regions of CBH-1 and CBH-2 that are important for differential trafficking through the p24 or ERV-29 pathways, respectively, will test these hypotheses.
Although CBH-1 and CBH-2 differentially rely on the p24 proteins and ERV-29 for efficient ER exit, the secretion level of both of these proteins is decreased in these mutants, which we found was due to decreased transcriptional expression. This has also been seen in a p24 deletion mutant of T. reesei (Wang et al., 2013) . This is likely due to an ER stress response, which down regulates cellulase gene expression. For N. crassa it has been shown that growth on cellulose is stressful to the cell, resulting in the induction of the unfolded protein response (UPR) as well as repression under secretion stress (RESS): independent responses in which the expression of protein folding and trafficking factors are induced; and expression of secreted proteins is decreased respectively (Pakula et al., 2003; Carvalho Fungal cellulase ER cargo adaptors 239 et al., 2012; Fan et al., 2015) . Additionally, it has been shown in yeast, plants and metazoan cells that deletion of the p24 proteins results in induction of the UPR (Belden and Barlowe, 2001a; Boltz and Carney, 2008; Pastor-Cantizano et al., in press ). Therefore, it appears likely that deletion of the ER cargo adaptors may compound the stress already experienced by N. crassa cells that are secreting cellulases, which results in a compensatory mechanism that decreases cellulase gene expression.
A key question that remains to be answered is if there are additional differences in the ER-exit pathways of CBH-1 and CBH-2. The ER cargo adaptors are known to bind to the COPII coat to facilitate entry into budding vesicles (Dominguez et al., 1998; Sato and Nakano, 2002) . The Sec24 component of the COPII coat is present as multiple isoforms in eukaryotic species (four in mammalian cells, three in S. cerevisiae and two in N. crassa) and is known to impart specificity of COPII binding to transmembrane cargo proteins to facilitate the budding of vesicles carrying distinct cargos (Miller et al., 2003; Miller et al., 2005) . In mammalian cells, a specific subset of Sec24 isoforms interacts with the p24 proteins to package GPI-anchored proteins into transport vesicles (Bonnon et al., 2010) . Additionally, in S. cerevisiae, although both Sec24p and its ortholog Lst1p can bind to the p24 proteins, Lst1p but not Sec24p is specifically recruited by the p24 proteins to mediate GPIanchored protein trafficking (Manzano-Lopez et al., 2015) . Furthermore, mutations that abolish interaction of the p24 proteins with GPI-anchored proteins or with Lst1p result in redistribution of Emp24p from early Golgi compartments to the ER (D' Arcangelo et al., 2015) , which is reminiscent of the bimodal localization of EMP-24 that we observed in N. crassa. This raises the question of whether one of the two Sec24 isoforms that are present in N. crassa (NCU02391 and NCU06868) is specific for interaction with the p24 proteins as they mediate cellulase or, putatively, GPI-anchored protein trafficking. If so, regulated interaction of the ER cargo adaptors with the Sec24 isoforms may dictate the trafficking pathways of the cellulases and result in the differential localization that we observed for EMP-24 in hyphae.
The model of ER cargo adaptor function predicts that the adaptors physically interact with their cargo proteins. This has been shown in a number of studies, including interactions between p24 proteins and GPI-anchored proteins in S. cerevisiae and metazoan cells and between yeast Erv29p and alpha factor pheromone (Muniz et al., 2000; Belden and Barlowe, 2001b; Bonnon et al., 2010) . However, we were unable to coimmunoprecipitate CBH-1 or CBH-2 with any of the p24 proteins, even in the presence of a crosslinking agent.
An alternative possibility is that the cargo adaptors may not directly interact with the cellulase proteins to assist their incorporation into vesicles, but may instead be responsible for packaging other accessory factors that directly interact with the cellulases or may impact the biogenesis of the vesicles themselves; the p24 proteins are known to recruit both the COPI and COPII coats to Golgi and ER membranes respectively (AguileraRomero et al., 2008; Manzano-Lopez et al., 2015) . Development of an in vitro ER vesicle-budding assay for N. crassa will be useful for biochemically assessing the unique requirements for ER-exit of CBH-1 and CBH-2 (Matsuoka et al., 1998) , as will the development of tools to distinguish distinct CBH-1 and CBH-2-containing vesicle populations. For example, development of COPII conditional mutants (e.g. sec-13 ts or sec-31 ts ) that trap differentially tagged cellulases in ER-exit sites may help to reveal if cellulases travel in distinct or shared ERderived vesicles (Castillon et al., 2009) .
Conclusion
Previous studies have illustrated the requirement of the p24 proteins for efficient cellulase secretion from filamentous fungi (Wang et al., 2013; Wang et al., 2015) . However, this study is the first to demonstrate the localization properties of these proteins and provides additional evidence for their physical interaction. Additionally, this study is the first to specifically examine the trafficking pathways of the cellulases and has revealed at least two trafficking routes of these proteins, a finding that was unexpected and that elicits additional questions about the mechanisms of the distinct cellulase trafficking routes and ER cargo adaptor function in filamentous fungi. At present, it is unclear if other secreted cellulolytic enzymes in N. crassa also depend on ER cargo adaptors for efficient ER-exit or, conversely, if CBH-1 and CBH-2 might be dependent on yet additional ER cargo adaptors. Our initial screen revealed potential effects on cellulase secretion in other cargo adaptor mutants (Supporting Information Fig. S1 ). A microscopy approach with a library of GFP-tagged cellulase proteins expressed in all available cargo adaptor mutants would be useful in identifying different trafficking pathways used by lignocellulolytic enzymes. Such an approach has been used in S. cerevisiae to pair cargo adaptors with their cognate cargos (Herzig et al., 2012) . Addressing these questions will begin to reveal details about different trafficking pathways in filamentous fungi and should make it possible to more precisely target components of the pathway for engineering of high production industrial strains.
Experimental procedures
Culture conditions
All growth media contained 1X Vogel's salts (Vogel, 1956) and 2% carbon, which either included sucrose, crystalline cellulose (Avicel PH-101; Sigma 11365) or low viscosity sodium carboxymethyl cellulose (CMC; Sigma, C5678). Solid media contained 1.5% agar for growth and crosses, or 1.5% agarose for microscopy. Genetic crosses were conducted on Westergaard's medium (Westergaard and Mitchell, 1947) . Asexual conidiospores (conidia) were obtained by inoculating frozen glycerol stocks into tubes or 500 ml flasks containing 2 ml or 100 ml of Vogel's minimal media (VMM) agar respectively. Slant tubes were grown in the dark at 308C for 2-3 days before being transferred to 258C at constant light for an additional 5 days. Flasks were grown in the dark at 308C for 3-5 days and then transferred to 258C at constant light for an additional 9-10 days. 
Strain and vector construction
See Table 1 and Supporting Information Table S1 for strains used in this study. Transformation of N. crassa was conducted according to standard protocols (Margolin et al., 1997; Margolin et al., 2000) . See Supporting Information Table S2 for primers used in all cloning and strain validation procedures. For GFP-tagging studies two version of GFP were used; a derivative of eGFP that is referred to as synthetic GFP and superfolder GFP (sfGFP) (Pedelacq et al., 2006) . To avoid confusion in nomenclature, the synthetic GFP gene has been referred to here as eGFP. To create CBH-1 tagged with the synthetic GFP gene (CBH-1-eGFP), the eGFP::hph cassette from plasmid pGFP::hph::loxP (Honda and Selker, 2009 ) was amplified with primer pair OTS54/55 and fused to 1 kbp flanking regions of the cbh-1 gene (NCU07340). Primer pairs OTS75/76 and OTS77/78 were used to amplify the upstream and downstream flanking regions from genomic DNA respectively. Assembly of the cassette into vector pRS426 (Christianson et al., 1992) was carried out using yeast recombinational cloning (Mashruwala and Boyd, 2016) to yield plasmid pTSLA-1, which was used as a template with primer pair OTS91/92 to generate a fragment that was transformed into the Dmus-52 strain (FGSC 9539). The resulting transformant was crossed to FGSC 2489 to generate homokaryotic strain TSF27, which was subsequently crossed again to create TSF301. This strain was crossed with Dp24 and Derv-29 strains to generate progeny bearing both the desired cargo adaptor mutation and CBH-1-eGFP.
To create cassettes for tagging of CBH-1 and CBH-2 with N. crassa-codon-optimized superfolder GFP (sfGFP) (Pedelacq et al., 2006) , a codon optimized version of sfGFP was designed and synthesized by Genscript. The optimized gene was amplified with primer pairs OTS173/174, which included a C-terminal 6x histidine tag, and was used to replace eGFP in plasmid pMF272 using PacI and EcoRI restriction sites to generate plasmid pTSL83B2. Primer pairs OTS484/498 and OTS474/475 were used to amplify the open reading frames for cbh-1 (NCU07340) and cbh-2 (NCU09680), respectively, which were separately cloned into plasmid pTSL83B2 upstream of the sfGFP gene using XbaI and PacI restriction sites. Primer pairs OTS496/497 and OTS494/495 were used to amplify the terminator regions of cbh-1 and cbh-2, respectively, which were ligated immediately after the sfGFP gene using EcoRI and XmaI restriction sites to generate plasmids pTSL210A and pTSL209D. The terminator sequences included 454 and 210 nucleotides immediately downstream of the cbh-1 and cbh-2 genes respectively. Plasmids pTSL210A and pTSL209D were used with respective primer pairs OTS91/487 and OTS478/479 to generate the first of three fragments that would be used to create the chromosomal cbh-1-sfGFP-nat1 and cbh-2-sfGFP-nat1 targeting cassettes. The first fragment contained the cbh-1 or cbh-2 5'targetting flank, as well as sfGFP and the cbh-1 or cbh-2 terminator sequences. To generate the second fragment, primer pair OTS59/448 was used with template plasmid pD-Nat1 (Kuck and Hoff, 2006) to amplify the nourseothricin-resistance cassette, which contains the nat1 gene under the control of the Aspergillus nidulans trpC promoter. Primer pairs OTS488/489 and OTS480/481 were used to amplify 3' targeting regions of cbh-1 and cbh-2, which included 926 bp and 1 kbp of sequence downstream of the cloned terminator regions of the cbh-1 and cbh-2 genes respectively. This approach resulted in 3' flanking region termini that were 1.381 and 1.2 kbp downstream of the cbh-1 and cbh-2 stop codons respectively. Primer pairs OTS490/491 and OTS482/483 were used to conduct fusion PCR to combine the three fragments together to make cassettes that targeted sfGFP to the ends of the cbh-1 and cbh-2 genes for targeting at the native chromosomal locus, while also including native terminator sequences and the nourseothricin resistance cassette. The assembled cassettes were gel purified and transformed into the Dmus-52 strain FGSC 9719, with selection on 60 lg/ml nourseothricin (Gold Biotechnology; N-500-1). The transformants were crossed to FGSC 2489 to obtain homokaryotic nourseothricin-resistant progeny that contained tagged cbh-1 or cbh-2 at the native locus. The cbh-2-sfGFP transformant (TSF339) was crossed to FGSC 2489 to obtain homokaryotic nourseothricin-resistant progeny that contained tagged cbh-2 at the native locus. TSF339 was also crossed to Dp24 and Derv-29 strains to generate progeny bearing both the desired cargo adaptor mutation and cbh-2-sfGFP. To create eGFP-tagged versions of three of the four p24 proteins as well as erv-29, the open reading frames of erv-25, emp-24, erp-1 and erv-29 were amplified with primer pairs OTS196/197, OTS200/201, OTS194/195 and OTS192/193 , respectively, and cloned into plasmid pMF272 using SpeI and PacI restriction sites. The resulting plasmids, pTSL68F-8, pTSL70D-4, pNMT7-1 and pTSL66I-7, were transformed into his-3 auxotrophic strain FGSC 6103 and selected for growth on media that lacked histidine to generate strains TSF267, TSF266, TSF462 and TSF264 respectively.
To facilitate creation of mCherry tagged emp-24 and erp-3 strains, the csr-1-locus-targeting vector, pTSL84J, was created. This plasmid harbors a codon-optimized mCherry6xHis gene under the control of the Myceliophthora thermophila glyceraldehyde-3-phosphate dehydrogenase (GPD) gene promoter and the trpC terminator. Primer pair OTS336/337 was used to amplify 1 kbp of the GPD promoter from M. thermophila genomic DNA, with subsequent ligation into the pCSR1 vector (Bardiya and Shiu, 2007) using PstI and NotI restriction sites to generate plasmid pCSR1-GPD. This plasmid was further modified to incorporate a new multiple cloning site (MCS), and the trpC terminator. Primer pair OTS340/341 was used with template plasmid pMFP26 (Castro-Longoria et al., 2010) , which contains the trpC terminator, to generate a MCS/terminator fragment with Not I and Sac II sites at the 5' and 3' ends respectively. Cloning of the MCS/terminator sequences into pCSR1-GPD yielded plasmid pTSL126B. Primer pair OTS415/416 was used with template plasmid pMFP26, which contains codon-optimized mCherry to amplify the mCherry gene, while also including a 6x C-terminal histidine tag. The resulting fragment was ligated into the Sph I and Pac I restriction sites of plasmid pTSL126B to generate plasmid pTSL184J.
To complete creation of emp-24-mCherry and erp-3-mCherry-expressing strains, the open reading frames for the genes were amplified with primer pairs OTS393/420 and OTS389/419, respectively, and separately ligated into plasmid pTSL184J using NotI and AvrII restriction sites. The resulting plasmids pTSL189A, containing emp-24-mCherry-6xHis, and pTSL191A, containing erp-3-mCherry6xHis, were linearized and transformed into FGSC 2489. Transformants were selected on media containing 5 lg/ml cyclosporin A (Sigma; 30024).
To construct a strain expressing CPY-eGFP, primer pair OTS563/564 was used to amplify the N. crassa homolog of the yeast CPY gene (NCU00477), which was ligated into plasmid pCSR1-GFP (Roche et al., 2013) using NotI and AvrII restriction sites. The resulting plasmid, pNMT3-1 was transformed into FGSC 2489, with selection on agar medium containing 5 lg/ml cyclosporin A. The resulting stain was crossed to Derv-25 and Derv-29 strains to yield progeny bearing both cpy-eGFP and the desired ER cargo adaptor mutations.
To delete the erv-29 and emp-24 genes, primer pair OTS59/60 was used to amplify the hygromycin resistance (hph) cassette from plasmid pGFP::hph::loxP (Honda and Selker, 2009) . Additionally, primer pairs OTS132/133 and OTS134/135 were used to amplify upstream and downstream flanking regions, respectively, of the erv-29 gene (NCU03319), whereas primer pairs OTS295/537 and OTS296/450 were used to amplify the upstream and downstream flanking regions, respectively, of the emp-24 gene (NCU08339). The flanking regions for both deletions were designed to create a complete replacement of the target gene with the hph cassette. Primer pairs OTS136/137 and OTS456/538 were used in fusion PCR to assemble the Derv-29::hph and Demp-24::hph deletion cassettes respectively. The Derv-29::hph and Demp-24::hph cassettes were transformed into the Dmus-52 strain FGSC 9719. Transformants were selected for growth on media containing 200 lg/ml hygromycin and then crossed to FGSC 2489 to obtain homokaryotic Demp-24 or Derv-29 progeny. Confirmation of these deletions as well as Derv-25::hph, Derp-1::hph and Derp-3::hph were made by PCR (Supporting Information Fig. S3 ).
Microscopy
Conidia were inoculated onto VMM agarose plates and incubated in the dark at 308C for 15 to 20 h. For experiments involving cellulase localization, agarose plates contained 2% low viscosity sodium carboxymethylcellulose (CMC) as the sole carbon source. Agarose slices of 1 cm 2 , which included the growing edge of the fungal colony, were removed from the plate. To image the effects of Brefeldin A (BFA), 15 ll of an aqueous solution of 100 lg/ ml BFA was added to the agarose slice prior to imaging; images were recorded over a 1 h time period. A 2.5 mg/ml stock of BFA (Sigma; B6542) was made in 100% ethanol prior to dilution into water at a concentration of 100 lg/ml. Images were collected on a Leica SD6000 microscope with a 1003 1.4 NA oil-immersion objective, equipped with a Yokogawa CSU-X1 spinning disk head and 488-nm and 561 lasers controlled by Metamorph software (Molecular Devices).
For colocalization experiments, strains with either GFPlabeled or RFP-labeled [mCherry or tdimer2 (12)] fusion proteins were coinoculated onto VMM agar plates and incubated for 7 days for conidial production. The resulting heterokaryotic conidia were used to inoculate agarose plates for imaging (as noted above). Strains expressing RFP-RAB-4 and RFP-TLG-1 were gifts from B. Bowman (UC-Santa Cruz). A strain expressing USO-1-eGFP (SMRP279) was a gift of M. Riquelme (CICESE, MX).
Cellulase and p24 antibodies
Polyclonal rabbit antibodies against CBH-1 (NCU07340), CBH-2 (NCU09680), GH5-1 (NCU00762), EMP-24 (NCU08339), ERV-25 (NCU01342), ERP-1 (NCU04003) and ERP-3 (NCU03800) were custom-ordered from Pierce Biotechnology and were generated by inoculation of rabbits with synthetic peptides. The peptide antigens used for cellulase antibody production were as follows: CBH-1 (KDSAGDLAEIKRFYVQNGK), CBH-2 (EAGQWFQAY-FEQLLKNANPAF) and GH5-1 (DPENKIVYEMHQYLDSD). Antibodies against the p24 proteins were generated by coinjecting rabbits with synthetic peptides derived from both the N and C-termini of each respective p24 protein. The peptide antigens used for p24 antibody production were as follows: NCU04003 (N-term: CFYEELPKDTLVVGHYTAEE, C-term: HLRSFFIKQKLT); NCU03800 (N-term: CFFATTK-KANEKIAFYFAVQ, C-term: FQGARKGYV); NCU01342 (Nterm: ALKFDLEATSSHHSNQRRC, C-term: AYFRSKHLI) and NCU08339 (N-term: CFHENLHRDDKMTVTFQVGDR, C-term: KRFFEVKRVI). The p24 antibodies were affinity purified by Pierce Biotechnology.
PNGaseF treatment
Enzymatic removal of N-linked glycans from 9 ll of culture supernatant was conducted with PNGaseF (New England Biolabs; P0704S), according to the manufacturer's protocol. A mock treatment, without PNGaseF enzyme, was also conducted. Treated protein samples were resolved on 10% polyacrylamide gels and incubated with 1x Sypro Red gel stain (Thermo Fischer, S6653) in 7.5% acetic acid for 1 h prior to imaging on a Typhoon imaging system (GE Health Care Lifesciences).
Pulse-chase analysis
Strains used for the pulse-chase analysis were FGSC 2489 (WT), FGSC 18824 (Derv-25) and TSF79 . To obtain a sufficient amount of spores for inoculation of liquid cultures, strains were cultured in 500 ml flasks containing 100 ml of Vogel's minimal agar media for fourteen days at 258C in constant light. Conidia were inoculated at a concentration of 2 3 10 7 cells per ml into 25 ml of liquid VMM containing 2% sucrose, and incubated at 258C in constant light for 4-5 h to achieve conidial germination rates of 50-75%. Cultures were washed once with water and re-suspended Fungal cellulase ER cargo adaptors 243 in 25 ml of liquid VMM containing 0.4% Avicel and incubated at 258C in constant light for 4 h to induce cellulase production. A volume of 8 ml of Avicel cultures were collected and concentrated by pelleting and resuspension in 1 ml of fresh 1x VMM lacking a carbon source and incubated with shaking at 258C at constant light for 1 h. Due to the crystalline nature of Avicel, it copelleted with the cells, thereby serving as a continuing source of cellulase activation during the 1 h incubation in otherwise carbon-free medium. The culture tubes were then moved to a 258C water bath and 50 uCi of Tran35-S-Label metabolic labeling reagent (MP biomedicals, 0151006.4-1.4 mci) containing S 35 -labeled methionine and cysteine amino acids was added to initiate the pulse. After 10 min, the chase was initiated by adding 110 ll of 10X chase buffer (0.3% methionine, 0.3% cysteine, 1x VMM without carbon). At this time, the first (zero) time point sample was collected and added to 5 ll of stop solution (0.5 M KF and 0.5 M NaN3) to terminate all metabolic processes. Additional time points were collected at 15, 30 and 45 min after the initiation of the chase. Fungal cells were pelleted and the supernatant was discarded. Cellular pellets were washed with 1 ml of 1xPBS containing 10 mM KF and 10 mM NaN3. For cellular lysis, 100 ll of silica beads and 50 ll of a solution of 2% SDS and 25 mM dithiothreitol (DTT) were added to each tube, which was vortexed for 60 s. Treatment with DTT during the lysis step was found to improve immunoprecipitation of CBH-1. To complete the lysis step and denature proteins, tubes were heated at 998C for 3 min and then 800 ll PT buffer (1x PBS, 1% Triton x-100) were added. Cellular debris was pelleted and supernatants were moved to tubes containing protein-G dynabeads (ThermoFisher, 10003D), which had been prebound to cellulase antibodies. Immunoprecipitation of CBH-1 and CBH-2 was carried out overnight at 48C in a sequential fashion, first using antibodies against CBH-1 and then against CBH-2. Each immunoprecipitation was completed by washing the beads with 1 ml of PTS buffer (1xPBS, 1% Triton x-100, 0.1% SDS) 3 times. Immunoprecipitated proteins were eluted with 25 ll 1X sample buffer containing 50 mM DTT and 2 M urea by heating at 998C for 3 min. A volume of 20 ul of each time point was resolved on Biorad Criterion 10% gels. Gels were transferred to filter paper, dried and exposed to a phosphorimager screen. Phosphorimager screens were developed on a Typhoon imaging system and quantified with Imagequant software (GE Healthcare Lifesciences), using local-median background correction. To determine the half-time of transport, the natural log of the ratio of the upper Golgi band to the lower ER band was determined at each time point, graphed and fitted with a polynomial regression line, which was then solved for zero: the point at which half of the protein was in the mature Golgi form and half in the immature ER form. Three pulse chase experiments were conducted and the results of one representative experiment are shown and quantified (Fig. 7) .
p24 and ERP-1 immunoprecipitations
Conidia of strain TSF502 (pTEF::clr-2), which express cellulases constitutively for the purpose of testing p24 interaction with cellulases, were inoculated into a 1 L flask containing 500 ml of liquid VMM with 2% sucrose and grown for 16 h at 258C. The culture was washed once with 1x VMM (without a carbon source) and re-suspended in 500 ml of 1x VMM that contained 0.1% cellobiose and grown at 258C for 2 h. The culture was collected by filtration and resuspended in 20 ml of crosslinking buffer (20 mM Hepes pH 7.4) and then split in half for treatment with and without the crosslinker dithiobis [succinimidylpropinate] (DSP) (Thermo Scientific, 22585). For crosslinking, either 500 ll of DMSO (negative control) or 500 ll of 100 mM DSP (in DMSO) was added to the cell suspension to give a final concentration of 5 mM DSP. Crosslinking was carried out at room temperature for 30 min and terminated with the addition of 0.25 ml of 2 M Tris pH 7.4, with subsequent incubation at room temperature for 15 min. The crosslinked samples were frozen in liquid nitrogen and lysed by grinding with a mortar and pestle, then resuspended in 5 ml lysis buffer (50 mM Tris pH 7.4, 120 mM NaCl, 1 mM EDTA, 5% glycerol, 1% TritonX-100, 1% sodium deoxycholate and 0.1% SDS) that contained 1X Halt protease inhibitor (ThermoFisher, 87786) and 2 mM Pefabloc protease inhibitor (Roche, 11429868001) . The lysates were incubated on ice for 20 min and then clarified by centrifugation to remove cell debris. The clarified lysates (with and without crosslinker) were each separated into five equal parts and subjected to immunoprecipitation with antibodies against EMP-24, ERV-25, ERP-1 and ERP-3. A control immunoprecipitation using Protein-G dynabeads without antibodies was also carried out. Immunoprecipitations were carried out overnight at 48C and were completed by washing the beads three times with 1 ml of lysis buffer. Samples were eluted in 25 ll of 1x sample buffer containing 2 M urea and separated on a 12% Criterion gel from Biorad before transfer to PVDF membranes for Western blot analysis. Two independent experiments were conducted.
For ERP-1-eGFP immunoprecipitations, conidia of strains FGSC 2489 (WT) and TSF462 (erp-1-eGFP) were inoculated into 50 ml of liquid VMM with 2% sucrose and grown at 258C for 16 h. Cultures were pelleted, washed and resuspended in 50 ml Vogel's media with 0.4% crystalline cellulose (Avicel) to induce cellulase expression. After 5 h, cultures were pelleted and washed once and then resuspended in 20 ml of crosslinking buffer. Crosslinking and quenching were conducted as described above. Lysates were extracted in 2.5 ml of lysis buffer, as described above. Immunoprecipitation was carried out at 48C overnight by incubation with Protein-G dynabeads that had been precoated with monoclonal anti-GFP antibodies (Roche, 11814460001) . Immunoprecipitation and Western blot analysis was completed as described above using anti-GFP and anti-ERP-1 antibodies to confirm ERP-1-eGFP immunoprecipitation. Two independent experiments were conducted.
p24 codependence testing
For testing of p24 stability codependence, conidia of FGSC 2489 (WT), FGSC 18824 (Derv-25), FGSC 16265 (Derp-1), TSF460 (Demp-24) and TSF97 (Derp-3) were inoculated into 100 ml liquid VMM with sucrose and grown at 258C for 18 h, before being lysed in a manner similar to that described for the p24 immunoprecipitations. Lysate concentrations were normalized and separated on 12% Biorad criterion gels. Because the p24 proteins are of similar sizes, Western blotting with p24 antibodies was conducted sequentially with stripping and re-probing. Anti-actin antibody (Abcam ab8224) was used as a loading control and was also sequentially stripped and re-probed. Two independent experiments were conducted.
Secretion assays
Total protein content of culture supernatants was determined by the Bradford assay (Bio-Rad protein assay; 5000006). Cellulase activity, which is defined as the ability of secreted cellulases to release glucose from Avicel, was determined as described by Tian et al. (2009) . Our initial exploratory experiments (Supporting Information Fig. S1 ) involved a single analysis of secretion levels. Repeat analysis of secretion levels of the p24 mutants ( Fig. 1) was determined by three independent experiments, which were averaged and plotted with error bars representing standard deviations. Unpaired, one-tailed Student's t-tests assuming equal variance were conducted to determine statistical significance of the differences between WT and mutant strains.
Quantitative RT-PCR to assess cellulase expression levels
Triplicate cultures of WT (FGSC 2489), Derv-25 (FGSC 18824) and Derv-29 (TSF79) strains in Vogel's media with 2% sucrose were grown at 258C for 16 h, collected, washed twice with Vogel's salts lacking a carbon source and transferred to Vogel's media containing 2% Avicel for 4 h to induce cellulase expression. An additional triplicate set of WT cultures were transferred to Vogel's media lacking a carbon source for 4 h to be used as a noninduced control. The cultures were filtered, washed once with water and flash frozen in liquid nitrogen. Extraction of mRNA and quantitative rtPCR of cbh-1 (NCU07340) and cbh-2 (NCU09680) genes using the actin gene act-1 (NCU04173) as a normalization control were conducted according to (Sun and Glass, 2011) . Induction of the cellulases in Avicel media for the WT, Derv-25 and Derv29 strains was compared to the level of expression of the genes in the noninduced no carbon control. A Mann-Whitney test for statistical significance was conducted.
